Peptide nucleic acids have a number of features that make them an ideal platform for the development of in vitro biological probes and tools. Unfortunately, their inability to pass through membranes has limited their in vivo application as diagnostic and therapeutic agents. Herein, we describe the development of cationic shell-cross-linked knedel-like (cSCK) nanoparticles as highly efficient vehicles for the delivery of PNAs into cells, either through electrostatic complexation with a PNA · ODN hybrid, or through a bioreductively cleavable disulfide linkage to a PNA. These delivery systems are better than the standard Lipofectamine/ODN-mediated method and much better than the Arg 9 -mediated method for PNA delivery in HeLa cells, showing lower toxicity and higher bioactivity. The cSCKs were also found to facilitate both endocytosis and endosomal release of the PNAs, while themselves remaining trapped in the endosomes.
of cationic lipids in conjunction with a complementary ODN, 6, 7 and covalently attached cell penetrating peptides and lipids. 5, [8] [9] [10] Since their inception, nanoparticles have been investigated as carriers and intracellular delivery agents for antisense oligonucleotides, siRNA, and DNA with varying degrees of success. [11] [12] [13] [14] [15] We have previously shown that shell-crosslinked knedel-like nanoparticles (SCKs) can be made to efficiently enter cells when derivatized with a cell penetrating peptide. 14, 16, 17 SCKs are a member of a large family of crosslinked block copolymer micelles that have shown great potential and versatility for biotechnology and medicine due to the ease by which the shape, composition, functionality, and properties can be tailored for a particular purpose. 18 Herein, we report the use of a newly developed class of SCK nanoparticles, called cationic SCKs, or cSCKs, to deliver PNAs into cells without the need to attach cell penetrating peptides.
cSCKs are nanoparticles consisting of a hydrophobic core and a positively charged, highly functionalizable cross-linked shell. We have recently found that these nanoparticles greatly facilitate the entry of plasmid DNA and phosphorothioate 2′-O-methyl oligoribonucleotides into cells through a likely endocytotic mechanism mediated by the positively charged shell. 19 cSCKs are prepared in a multistep process involving the synthesis of an amphiphilic block copolymer, in this particular example, consisting of a polystyrene block linked to a poly(acrylic acid) segment, the carboxylic acids of which are then elaborated into primary amines by coupling to a monoprotected diamine, followed by deprotection. At pH 7, these amines are largely protonated, facilitating the formation of a micelle consisting of a hydrophobic polystyrene core and a hydrophilic, positively charged shell. The micelle is then stabilized by covalently cross-linking of the shell by amide formation between chains with an activated diester. In this paper, we will show how cSCKs can be used to efficiently deliver PNAs into cells Via electrostatic complexation with a negatively charged PNA · ODN hybrid, and Via covalent attachment of a PNA through a bioreductively cleavable disulfide bond (Figure 1 ). We also show that cSCKs are able to both facilitate endocytosis and endosomal release of the PNAs.
Experimental Section
Materials. All solvents and chemicals were purchased from Sigma-Aldrich and used without further purification, unless otherwise indicated. N-Hydroxybenzotriazole · H 2 O (HOBt) and 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU) were purchased from EMD Chemicals, Inc. The amphiphilic block copolymer, poly(acrylic acid) 128 -block-polystyrene 40 (PAA 128 -b-PS 40 ), was prepared using atom transfer radical polymerization of (protected) monomer precursors followed by deprotection, according to literature reported methods. 20 This polymer was then transformed into poly(acrylamidoethylamine) 128 -blockpolystyrene 40 (PAEA 128 -b-PS 40 ) and used for the creation of the cSCKs, according to the literature reported sequence of procedures. 19 The pLuc705 HeLa cell line was a generous gift from Dr. R. Kole (University of North Carolina, Chapel Hill, NC). Lipofectamine 2000 was obtained from Invitrogen Co. Polyfect was purchased from Qiagen Inc. Steady-Glo Luciferase Assay reagent and CellTiter-Glo Luminescent Cell Viability Assay Kit were purchased from Promega Co. All cell culture media were purchased from Invitrogen, Inc.
Measurements.
1 H NMR and 13 C NMR spectra were recorded on a Varian 300 MHz spectrometer interfaced to a UNIX computer using Mercury software. Chemical shifts were referenced to the solvent resonance signals. IR spectra were recorded on a Perkin-Elmer Spectrum BX FT-IR system, and data were analyzed using Spectrum v2.0 software. Tetrahydrofuran-based gel permeation chromatog- Measurements were made at 25 ( 1°C. Scattered light was collected at a fixed angle of 90°. A photomultiplier aperture of 100 µm was used, and the incident laser intensity was adjusted to obtain a photon counting of between 200 and 300 kcps. Only measurements in which the measured and calculated baselines of the intensity autocorrelation function agreed to within 0.1% were used to calculate particle size. The calculations of the particle size distributions and distribution averages were performed with the ISDA software package (Brookhaven Instruments Company). All determinations were repeated 5 times. PNA Synthesis. All PNAs and conjugates were synthesized on an Expedite 8900 PNA synthesizer on 2 µmol of Fmoc-PAL-PEG-PS according to the standard automated Fmoc PNA synthesis procedure utilizing commercial mono- mers (Panagene Inc., Korea). Following the final step of automated synthesis the resin was washed with dry DMF (2 × 3 mL) and dry CH 2 Cl 2 (2 × 3 mL), followed by drying under a stream of N 2 . The resin was then shaken in a vial with trifluoroacetic acid (300 µL) and m-cresol (100 µL) at room temperature for 2 h to release and deprotect the PNA. The solution was filtered from the resin, and added into icecold Et 2 O (5 mL) and kept at 4°C for 1 h. HO 2 C-PNA. Following automated PNA synthesis of H-CCTCTTACCTCAGTTACA-NH 2 and washing, but prior to cleavage and deprotection, the resin was removed from the column and shaken in piperidine (1 mL) and dry DMF (4 mL) for 30 min. The resin was then filtered and washed with dry DMF (2 × 3 mL) and dry CH 2 Cl 2 (2 × 3 mL) and dried under a stream of N 2 . The resin was removed from the column and suspended in dry DMF (100 µL) to which succinic anhydride (20 µmol, 2.0 mg) was added, followed by diisopropylethylamine (20 µmol, 3.5 µL). The mixture was shaken for 12 h before cleavage and deprotection. MS:
+ expected 4866.7, found 4867.8. HO 2 C-SS-PNA. Following automated PNA synthesis of H-CCTCTTACCTCAGTTACA-NH 2 and washing, but prior to cleavage and deprotection, the resin was removed from the column and shaken in piperidine (1 mL) and dry DMF (4 mL) for 30 min. The resin was then filtered and washed with dry DMF (2 × 3 mL) and dry CH 2 Cl 2 (2 × 3 mL) and dried under a stream of N 2 . To a suspension of the resin in dry DMF (100 µL) was added 3,3′-dithiodipropionic acid (20 µmol, 4.2 mg) (Aldrich), followed by 4-dimethylaminopyridine (20 µmol, 2.4 mg) and N,N′-dicyclohexylcarbodiimide (20 µmol, 4.1 mg). The mixture was shaken for 12 h before filtration and final deprotection. MALDI: average [M + H] + expected 4958.9, found 4960.0. HO 2 C-SS-PNA-Lys(FITC). Following automated synthesis of H-CCTCTTACCTCAGTTACA-L-Lys(εMtt)-NH 2 using N-R-Fmoc-N-ε-4-methyltrityl-L-lysine (AnaSpec) but prior to Fmoc deprotection, the resin was removed from the column and treated multiple times with 2% trifluoroacetic acid in methylene chloride (5 mL) until the solution was colorless to selectively remove the Mtt group. The resin was then washed with dry DMF (2 × 3 mL) and dry CH 2 Cl 2 (2 × 3 mL) and dried under a stream of N 2 . To a suspension of the resin in dry DMF (100 µL) was added FITC (fluorescein isothiocyanate, isomer I, Aldrich) (20 µmol, 7.8 mg), followed by addition of diisopropylethylamine (20 µmol, 3.5 µL) and shaking for 12 h. The resin was then washed with dry DMF (2 × 3 mL) and dry CH 2 Cl 2 (2 × 3 mL), followed by drying under a stream of N 2 prior to coupling with 3,3′-dithiodipropionic acid as described above.
General Procedure for the Conjugation of PNA to PAEA 128 -b-PS 40 and formation of micelles. PNA (0.68 µmol) was dissolved in dry DMSO (300 µL), to which 20 µL of DMSO solution containing 4 equiv of 1:1 (mol:mol) HBTU/ HOBt was added to activate the carboxylic termini of the PNAs. After 30 min, 0, 9, 92 and 185 µL of the activated PNA solution was added to 4 vials, each containing 2 mg of PAEA 128 -b-PS 40 and 9 µL of DIPEA (4 equiv to the polymer NH 2 residues) in 386 µL of DMSO. The vials were then sealed, and the solutions were stirred for 48 h. Following the allocated reaction times, DMSO was added to each vial to give a final volume of 1 mL, and the mixtures were transferred to dialysis tubing (MWCO: 15 kDa) and dialyzed against 300 mM NaCl solution for 4 days, then nanopure water (18 MΩ · cm) for 2 days, to give the micelle precursor for the cSCK and cSCK-PNA conjugates. The final polymer concentration was 0.70 mg/mL. The number of PNA per polymer was calculated to be 0, 0.1, 1 and 2, based on UV-vis measurement of the PNA absorption at 260 nm. For the preparation of cSCK(Alexa Fluor 633)-SS-PNA(FITC) 2 , Alexa Fluor 633 succinimidyl ester (Invitrogen) was added to the reaction mixture following the addition of HO 2 C-SS-PNA(FITC).
General Procedure for the Cross-Linking of cSCK and cSCK-PNA Micelles. The diacid cross-linker (5.0 mg, 14 µmol) was activated by mixing with 2.2 equiv of HOBt/ HBTU (4 mg/12 mg, 1:1, mol:mol) in DMF (400 µL) and stirring for 1 h. The activated cross-linker solution (0.67 µmol/19 µL, equivalent to 5% of polymer NH 2 groups) was then added slowly with stirring to 2.9 mL of the aqueous micelle solutions (∼0.7 mg/mL), which had been adjusted to pH 8.0, using 1.0 M aqueous sodium carbonate, and cooled to 0°C, using an ice bath. The reaction mixture was stirred overnight, and was then transferred to dialysis tubing (8 kDa MWCO) and dialyzed against nanopure water (18 MΩ · cm) for 2 days. Clear solutions containing the cSCKs and cSCK-PNA conjugates with a final polymer concentration of 0.65 mg/mL were obtained.
Cell Culture. cSCK-mediated PNA delivery was evaluated on pLuc705 HeLa cells. Cells were maintained in DMEM containing 10% FBS, streptomycin (100 µg/mL), penicillin (100 units/mL), G418 (100 µg/mL) and hygromycin B (100 µg/mL) at 37°C in a humidified atmosphere with 5% CO 2 .
Splice Correction Assay. pLuc705 HeLa cells were seeded in a 96-well microtiter plate at a density of 2 × 10 delivery, PNA · ODN duplexes were formed prior to addition to the cell plates. Formation of PNA · ODN heteroduplexes was performed by gradual mixing of PNA (H-CCTCTTAC-CTCAGTTACA-NH 2 ) and complementary (underlined) ODN (5′-AATATGTAACTGAGGTA-3′). The PNA · ODN heteroduplex was then incubated with Lipofectamine 2000, Polyfect or cSCK in 20 µL of OPTI-MEM for 15 min, before addition to pLuc705 cell wells containing 80 µL of fresh culture medium. After 24 h incubation, 100 µL of SteadyGlo Luciferase assay reagent were added. The contents were mixed and allowed to incubate at room temperature for 10 min to stabilize luminescence. Signals were recorded on a Luminoskan Ascent luminometer (Thermo Scientific) with an integration time of 1 s per well.
Cytotoxicity Assay. Cytotoxicities of the cSCK and cSCK-PNA conjugates were examined by CellTiter-Glo Luminescent Cell Viability Assay (Promega Co.). HeLa cells were seeded in a 96-well plate at a density of 2 × 10 4 cells/ well and cultured for 24 h in 100 µL of DMEM containing 10% FBS. Thereafter, the medium was replaced with 100 µL of fresh medium containing various concentrations of cSCKs, cSCK-PNA conjugates, Polyfect, Lipofectamine 2000 (positive controls), or no additive (negative control). After 24 h incubation at 37°C, 100 µL of CellTiter-Glo reagent was added. The contents were mixed and the plate was allowed to incubate at room temperature for 10 min to stabilize the luminescence signals. Luminescence intensities were recorded on a Luminoskan Ascent luminometer (Thermo Scientific) with an integration time of 1 s per well. The relative cell viability was calculated by the following equation where luminescence (negative control) is in the absence of particles and where luminescence (sample) is in the presence of particles.
RT-PCR. pLuc705 HeLa cells were seeded in a 24-well plate at a density of 5 × 10 4 cells/well and treated as described above for the splice correction assay. Total RNA was isolated using Trizol reagent (Invitrogen, Inc.) following the manufacturer's instructions. cDNA was synthesized with SuperScript II (Invitrogen Inc.), after TURBO DNase (Ambion, Inc.) treatment. The cDNA was then used as a template for PCR, which was carried out using GoTaq Flexi DNA Polymerase (Promega, Inc.). Primers for PCR were as follows: forward primer, 5′-TTGATATGTGGATTTC-GAGTCGTC-3′; reverse primer, 5′-TGTCAATCAGAGT-GCTTTTGGCG-3′. Forward primer was labeled by [γ- 
Results and Discussion
PNA Transfection Strategies. We investigated two strategies for introducing PNAs into cells that make use of the unique properties of the cSCKs (Figure 1) . The cSCKs were designed to resemble histone core particles in their nanoscopic size, positively charged surfaces, and DNA packaging ability, while also possessing characteristics that would lead to their use as synthetic vectors for gene delivery. We have recently shown that cSCKs efficiently deliver negatively charged plasmid and oligonucleotides into cells through an endocytotic mechanism, most likely macropinocytosis. 19 Therefore, in this current study, the first strategy was to deliver PNA through electrostatic complexation with the cSCK by hybridizing it to a negatively charged complementary ODN ( Figure 1A ). The second strategy was to deliver the PNA through covalent attachment of the PNA to the cSCK ( Figure 1B) . Because the cSCKs are large (about 10 nm in diameter) relative to the PNAs, a covalently attached PNA might be engulfed by the nanoparticle, thereby being unable to enter the nucleus and/or bind to the splice correction site. In addition, it was recognized that, should the cSCKs be trapped in intracellular compartments, having an ability to disconnect the PNA from the cSCK nanostructure would be important. We, therefore, decided to attach the PNA Via a bioreductively cleavable disulfide linkage. This linkage is expected to be stable in serum, but upon exposure to the cytosol be reduced, thereby liberating the PNA.
Design and Synthesis of the cSCK and Constructs. The particular cSCK was chosen for its ability to efficiently transfect negatively charged plasmid DNA and 2′-O-methyl phosphorothioate oligoribonucleotides. 19 The cSCK was synthesized by micellization and cross-linking of a block copolymer consisting of a 40-mer polystyrene block and a 128-mer poly N-(2-aminoethyl)acrylamide block (Figure 2 ). The block copolymer was prepared by sequential atom transfer radical polymerization of protected monomers followed by three steps of postpolymerization modifications. The lengths of the blocks were estimated from GPC and 1 H NMR spectroscopy after each step of polymerization. Micellization was carried out by rapid dilution of a DMSO solution of the block copolymer into water at pH 6. The shell is then cross-linked by the addition of an activated diester. The cSCKs were characterized by DLS, TEM and potential measurements. They were found to be of a globular morphology having a number-average diameter of approximately 10 nm (TEM) and with a potential value of cell viability (%) ) (luminescence sample /luminescence negative control ) × 100 21.3 mV. From TEM measurement of the particle core size, each cSCK is estimated to be comprised of ca. 60 chains, or ca. 7700 amines.
The cSCKs bearing a covalently linked PNA were prepared by linking of a carboxy terminal PNA with the block copolymer, facilitated by HBTU/HOBt, prior to micellization. The PNAs were coupled so as to give 0.1, 1 or 2 PNAs/polymer chain and purified by extensive dialysis against 300 mM NaCl solution, and then against nanopure water. The amount of PNA per chain was calculated from the estimated molar absorption coefficients for the PNA. The polymer-PNA conjugates were micellized by the same procedure as for the cSCK and similarly characterized by DLS, TEM and potential measurement. They were found to be indistinguishable in size and surface charge from the non-PNA-conjugated cSCKs. Three types of construct were prepared: one with a nonbioreductively cleavable linker, cSCK-PNA; one with a bioreductively cleavable disulfidebearing linker, cSCK-SS-PNA; and one with an Alexa Fluor 633 label on the cSCK linked to a FITC labeled PNA Via a disulfide linker, cSCK(Alexa Fluor 633)-SS-PNA(FITC) 2 .
PNA Transfection Efficiency Assays. To rapidly and quantitatively assay for the effectiveness of our two PNA transfection strategies, we adopted the luciferase splice correction assay developed by Kole and co-workers 21 and later used to evaluate PNAs. 8 This assay relies on a luciferase gene (pLuc705) that results in a longer, mis-spliced mRNA that encodes a defective luciferase (Figure 1 ). In the presence of a PNA complementary to the aberrant splice site, correct splicing is restored, resulting in a shorter mRNA and an active luciferase. The extent to which splicing is corrected can then be monitored easily in a high throughput fashion, by measuring the light produced by the luciferase enzyme in the presence of luciferin. The light output is, thus, a . Micellization of this block copolymer by dialysis of its DMSO solution against water followed by cross-linking with an activated diester affords the cSCKs. Subsequent electrostatic association with PNA · ODN gives the cSCK carrying PNA via noncovalent PNA absorption. To make the covalently linked cSCK-SS-PNA nanoparticles, the block copolymer was coupled to a carboxy-terminated disulfide-linked PNA and then micellized and cross-linked.
articles Fang et al. function of the transfection efficiency and cytotoxicity. The extent of splice correction can also be directly and quantitatively assayed by RT-PCR. To evaluate the cytotoxicity of the agents, we relied on cell viability measurements based on quantification of the amount of ATP produced by metabolically active cells. Transfection of PNA · ODN Hybrids by cSCKs. Cationic transfection agents have been developed that can efficiently deliver negatively charged nucleic acids into cells in culture, but cannot deliver PNAs because of their lack of charge. A simple solution to this problem is to hybridize the PNA to a partially complementary oligodeoxynucleotide (ODN) prior to transfection with a cationic agent, such as the cationic lipid Lipofectamine. 6 Many factors have been found to affect the bioactivity of pLuc705 PNA · ODN hybrids, such as the length, sequence, and complementarity of the ODN, the PNA/ODN ratio, the ratio of the PNA · ODN to the cationic transfection agents, the type of cationic transfection agent (Lipofectamine or PEI), and their cytotoxicity. 8 We selected the PNA · ODN hybrid found to have the highest bioactivity in that study and compared its bioactivity in the presence of cSCK to Lipofectamine 2000, and Polyfect, a cationic dendrimer 22 ( Figure 3A) . At a low concentration of PNA · ODN 0.2 µM, the bioactivity was two times higher with Lipofectamine 2000 than with cSCK, both of which were better than Polyfect. Increasing the amount of PNA · ODN to 1.0 µM decreased slightly the bioactivity with Lipofectamine 2000, perhaps due to an increase in cytotoxicity, as indicated by a drop in cell viability from 58% to 30% ( Figure 3B ). In contrast, increasing the PNA · ODN concentration 5-fold from 0.2 µM to 1.0 µM, increased the bioactivity about 7-fold when cSCK was used, without increasing the cytotoxicity. The bioactivity for the 1 µM PNA · ODN in the presence of the cSCK was about 5-fold greater than observed for Lipofectamine 2000. Polyfect was not found to be effective for PNA · ODN delivery at any concentration even though its cytotoxicity is lower than Lipofectamine 2000 and cSCK.
The correlation between bioactivity in the luciferase assay and splice correction was investigated by RT-PCR analysis of the luciferase mRNA ( Figure 3C ). Whereas increasing the PNA · ODN concentration from 0.2 µM to 1.0 µM in the presence of 10 µg/mL of Lipofectamine 2000 resulted in a slight decrease in bioactivity, the amount of splicing increased 2-fold from 34% to 64%. This result is consistent with the greater cytotoxicity at the higher PNA · ODN concentrations, which would reduce the number of viable cells and hence the light output (bioactivity). In contrast, the increase in bioactivity with increasing PNA · ODN concentration in the presence of 20 µg/mL of cSCK correlated better with the amount of splice correction, consistent with a minimal change in cytotoxicity. Changing the concentration of PNA · ODN 2-fold from 0.5 µM to 1.0 µM increased the bioactivity about 3-fold, while the amount of splice correction increased 2.6-fold. The nonlinear increase in splice correction with PNA · ODN concentration may reflect changes in the cell penetrating properties of the cSCK when loaded with increasing amounts of PNA · ODN. It may also be due to a reduced binding affinity of the cSCK for the PNA · ODN at higher loadings, due to a reduction in the number of excess positive charges that would facilitate release of the PNA · ODN in the cell. The optimal bioactivity for transfection with the cSCK results from a delicate balance between transfection efficiency and cytotoxicity (Figure 4) . The bioactivity of 0.5 µM PNA · ODN increased from 10 to 1200 RLU as the concentration of the cSCK was increased from 0 to 30 µg/mL, then dropped on going to 40 µg/mL ( Figure 4A ). The cytotoxicity increased over these concentrations, with the cell viability dropping almost linearly from 90% at 10 µg/mL to about 20% at 40 µg/mL of cSCK ( Figure 4B) . The large increase in bioactivity on going from 10 µg/mL to 20 µg/mL may be indicative of the capacity of the cSCK to bind to 0.5 µM PNA · ODN, or may be due to a change in size or charge that facilitated cell entry. The leveling off of the bioactivity at 30 µg/mL might then be due to an otherwise further increase in transfection by the cytotoxic effect, which then dominates at 40 µg/mL. The optimal transfection conditions in terms of bioactivity and cell viability would, therefore, appear to be between 10 and 20 µg/mL with 0.5 µM PNA · ODN.
Synthesis of the Covalently Linked cSCKs. The second transfection system that we explored involved covalent attachment of the PNA to the cSCK Via a bioreductively cleavable linker. We chose the disulfide linkage because it has been found to be relatively stable in serum, but easily cleaved under the reducing conditions found inside cells and has been used to deliver PNAs conjoined to other delivery agents. 23, 24 PNAs were covalently linked to the block copolymer prior to micelle formation and cross-linking in a 1:1 and 2:1 ratio. The amount of PNA bound could be assayed by the UV absorptivity at 260 nm ( Figure 5A ). Treatment of the cSCK-SS-PNA with DTT followed by dialysis removed 77% of the PNA, as judged by the decrease in absorbance at 260 nm ( Figure 5B ). TEM of cSCKs and cSCKs conjugated with increasing amounts of PNAs showed no noticeable differences in size, ruling out any size effects on the efficiency of cell uptake and subsequent bioactivity ( Figure 5C,D) . Transfection of PNAs Covalently Linked to cSCKs. We determined the bioactivity of the bioreductively cleavable cSCK-SS-PNA and cSCK-SS-PNA 2 with one and two PNAs/ chain, respectively, in comparison to the noncleavable cSCK-PNA by the splice correction assay. Both cSCKs with 1 and 2 PNAs/chain showed comparable bioactivity at 0.2 and 0.5 µM PNA concentration ( Figure 6A ). The cSCK with one PNA/chain showed significantly less bioactivity, however, at 1 µM PNA concentration compared to the one with two PNAs/chain. The 3-fold lower bioactivity of cSCK-SS-PNA than cSCK-SS-PNA 2 at 1 µM PNA can be explained in part by the higher cytotoxicity of the 2-fold higher concentration of the cSCK-SS-PNA (48 µg/mL) needed to deliver 1 µM PNA ( Figure 6B ). It is not clear, however, why the bioactivity is the same for 0.5 µM PNA concentration, when the 24 µg/mL concentration of cSCK-SS-PNA is much more toxic than the 12 µg/mL concentration needed for cSCK-SS-PNA 2 . Splicing correction with cSCK-SS-PNA 2 is more efficient at 1 µM PNA than at 0.5 µM PNA (85% vs. 53%) ( Figure  6C ) but comes at the expense of higher cytotoxicity (40% viability vs 80% viability, respectively) ( Figure 6B) .
Effect of Endosome Disrupting Agents on Bioactivity. It has been found that the antisense activity of PNA conjugated with cell penetrating peptides such as the TAT peptide or Arg 9 is significantly augmented by chloroquine, calcium ions, or by photochemical internalization (PCI) using photosensitizers, all of which are known to promote endosome disruption. [25] [26] [27] Since it was likely that the cSCKs were also entering cells by an endocytotic mechanism, we were interested to see whether or not these agents would also enhance the bioactivity of the cSCK-PNA conjugates. The pLuc HeLa cells were, therefore, treated with cSCK-SS-PNA conjugates in the presence or absence of 100 µM chloroquine in comparison to PNA-Arg 9 ( Figure 7 ). As expected, chloroquine greatly enhanced the bioactivity of PNA-Arg 9 by 2 orders of magnitude. On the other hand, the cSCK-SSPNAs were orders of magnitude more active than PNA-Arg 9 and chloroquine had little (2-fold) or no effect on the activity of cSCK-SS-PNA 2 at 0.2 and 0.5 µM PNA, respectively. In contrast, the noncleavable cSCK-PNA showed much less activity that was also not enhanced by chloroquine. One interpretation of these results is that the cSCK facilitates not only endocytosis but also endosomal escape of the PNA and/ or the PNA-cSCK conjugate, without the need for chloroquine. The lower activity of the noncleavable cSCK-PNA suggests either that the cSCK-PNA is not able to escape or that the cSCK-PNA is not able to enter the nucleus and/or bind to the RNA due to inaccessibility of the PNA in the shell.
Tracking cSCK Mediated PNA Delivery and Release Inside Cells. To track the intracellular path of the cSCK-SS-PNA 2 and its bioreductive cleavage products, we prepared a dual fluorescently labeled particle. The cSCK was labeled with Alexa Fluor 633 and the PNA was labeled at the ε-amino group of a carboxy terminal lysine with fluorescein isothiocyanate (FITC). The pLuc705 HeLa cells were incubated with the dual labeled cSCK(Alexa Fluor)-SS-PNA(FITC) 2 and examined by confocal microscopy after 1 and 24 h (Figure 8) . After 1 h, cSCK and PNA fluorescence were colocalized and concentrated near the membrane surface ( Figure 8B ). After 24 h, cSCK fluorescence was exclusively concentrated in endosomal and/or lysosomal-like vesicles, whereas PNA fluorescence was observed in the nucleus as well as being partially colocalized with the cSCK fluorescence in the vesicles ( Figure 8A ). Transfection following reductive cleavage with DTT and dialysis shows only the cSCK fluorescence localized in vesicles, and little PNA fluorescence ( Figure 8C ). We interpret these data to support a model ( Figure 1B ) in which a cSCK-SS-PNA binds to the membrane surface and is then slowly endocytosed. Endosomal acidification then causes cSCK-mediated destabilization of the endosome and exposes the cSCK-SS-PNA to cytoplasmic reducing environment, causing release of the PNA, which then binds to the RNA mis-splicing site in the nucleus. The destabilization is not sufficient, however, to enable release of the cSCK, which remains trapped in the endosomes, or of sufficient duration to allow all of the PNA to be bioreductively cleaved and escape from the endosome. 
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The inability of the cSCKs to efficiently escape the endosome would explain the lower activity of the noncleavable cSCK-PNA. Given that the precleaved cSCK also remains trapped in the endosomal compartments, it is likely that transfection of PNA · ODN by cSCK also proceeds by a similar mechanism in which either the PNA · ODN or the PNA alone escapes from the endosome ( Figure 1A) .
The ability of the cSCK to promote endosomal escape of the PNA could be ascribed to a "proton sponge" effect, 28 in which the remaining basic amino groups on the cSCK react with protons produced during endosomal acidification. As a result of this buffering reaction, the cSCK further enhances the influx of protons, chloride counterions, and water leading to endosomal destabilization and permeabilization by the increased osmotic pressure within the endosome. This process causes the cSCK-SS-PNA 2 to be either released into or exposed to the cytoplasm, whereupon the disulfide linkage is cleaved, allowing translocation of PNA to the nucleus. The proton sponge effect has also been recently used to enhance cytosolic delivery of core-shell nanoparticles bearing otherwise impermeable molecules 29 and quantum dots.
30,31

Conclusions
We have demonstrated that cationic shell-cross-linked knedel-like nanoparticles are highly efficient agents for the delivery of bioactive PNAs into HeLa cells by electrostatic complexation with PNA · ODN hybrids or by conjugation of the PNA Via a bioreductively cleavable linker. The cSCK at 20 µg/mL results in three times more bioactivity and 2-fold less toxicity than Lipofectamine 2000 at 10 µg/mL when delivering 1 µM PNA · ODN into HeLa cells, and results in a much higher splicing correction efficiency (94% vs 64%). The bioreductively cleavable cSCK-SS-PNA 2 conjugates are similarly effective for HeLa cells at 1 µM PNA, showing only slightly higher cytotoxicity and slightly lower splicing efficiency (85%), but are orders of magnitude better than Arg 9 -mediated delivery. The cSCK-SS-PNA system may be very useful for in ViVo applications, where it would be important to minimize dissociation of the PNA from the cSCK prior to reaching the target cell. Initial mechanistic studies indicate that the cSCK is able to facilitate not only endocytosis but also endosome disruption, thereby facilitating release of the PNA into the cytoplasm from where it can translocate into the nucleus, while the cSCK remains trapped in the endosomal/lysosomal compartments. This type of delivery mechanism may also be quite attractive for in ViVo purposes if the cSCK can be later exocytosed and excreted, thereby preventing it from accumulating within the cytoplasm of cells. If not, acid-or biodegradable nanoparticles under development could be used. For in ViVo experiments, we will incorporate DOTA into the polymer side chains to bind 64 Cu for PET imaging of cSCK biodistribution and pharmacokinetics. Based on prior experience with SCKs, 32 we also expect that PEG chains will also have to be attached to minimize detection by the RES system and enhance the bioavailability of the cSCKs. The bioactivity of the PNAs could then be assessed through the use of the EGFP-654 transgenic mouse that utilizes EGFP as a reporter for splicing correction. 33 In this way we will be able to determine the extent to which the bioactivity correlates with the bioavailability of the cSCK for different tissues.
